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Abstract—This paper reports the development of a fully
actuated robotic assistant for magnetic resonance imaging (MRI)-
guided precision conformal ablation of brain tumors using an
interstitial high intensity needle-based therapeutic ultrasound
(NBTU) ablator probe. The robot is designed with an eight
degree-of-freedom (DOF) remote center of motion (RCM) ma-
nipulator driven by piezoelectric actuators, five for aligning the
ultrasound thermal ablator to the target lesions and three for
inserting and orienting the ablator and its cannula to generate a
desired ablation profile. The 8-DOF fully actuated robot can be
operated in the scanner bore during imaging; thus, alleviating
the need of moving the patient in or out of the scanner during
the procedure, and therefore potentially reducing the procedure
time and streamlining the workflow. The free space positioning
accuracy of the system is evaluated with the OptiTrack motion
capture system, demonstrating the root mean square (RMS) error
of the tip position to be 1.11±0.43mm. The system targeting
accuracy in MRI is assessed with phantom studies, indicating
the RMS errors of the tip position to be 1.45±0.66mm and
orientation to be 1.53±0.69◦. The feasibility of the system to
perform thermal ablation is validated through a preliminary
ex-vivo tissue study with position error less than 4.3mm and
orientation error less than 4.3◦.

Index Terms—MRI-guided robot, ultrasound thermal ablation,
robot-assisted neurosurgery, image-guided therapy.

I. INTRODUCTION

BRAIN metastases (BM) are the most common site of
metastases from systemic cancer in North America, with

approximately 1.7 million American diagnosed with cancer
annually [1] and 25% − 40% of them developing BM [2].
Craniotomy can be effective for tissue diagnosis, rapid relief
of symptoms, and local disease control, but it is highly invasive
and has a 5% risk of complications that can affect quality of
life. Stereotactic radio surgery (SRS) or whole brain radiation
therapy (WBRT), by contrast, is a non-invasive approach that
can improve survival, but symptom relief requires longer than
surgery and it does not allow diagnostic confirmation. In
addition, non-pathologic tissue at the periphery of a tumor
is often radiated, and thereby use of radiation near vital
structures (e.g. optic nerve or brainstem) is limited. Thermal
ablations, including radio frequency ablation, laser ablation
and microwave ablation, offer alternative options that are
less invasive than craniotomy but allow for immediate tissue
diagnosis, and rapidly lower tumor burden beginning within
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2-3 days of treatment and substantially more over a 3-4 week
period.

Albeit the significant benefits, delivery of a thermal ablator
to a BM lesion accurately and efficiently confers tremendous
technical challenges. Existing commercial manual stereotactic
frames, such as Leksell (Elekta AB, Sweden) and Radionics
CRW (Integra Lifesciences, USA), have to be firmly mounted
on the skull requiring multiple incisions. Moreover, manual
adjustment of the frame is time-consuming and may introduce
instrument placement errors. Robotic stereotactic systems,
including NeuroMate (Integrated Surgical Systems, CA) [3],
PathFinder (Armstrong Healthcare Ltd, UK) [4], Renaissance
(Mazor Robotics, Israel), and Rosa (Medtech Surgical, Inc.
France) [5], that integrate planning systems using preoperative
medical images could provide precise targeting. But, effective
intraoperative imaging is unavailable in these systems. Hence,
they cannot compensate for brain deformation that occurs
when the skull is opened, which may be shifted by up to 20mm
[6]. Therefore, intraoperative imaging is essential for guiding
conformal ablation, providing enhanced safety and accuracy.

MRI is an excellent imaging modality for guiding and
monitoring interventional procedures; thanks to its capability
to offer real-time high-resolution soft tissue imaging without
ionizing radiation. Uniquely, MRI is also able to monitor the
temperature and thermal dose through MR thermal imaging
(MRTI), which enables real-time feedback for updating a
thermal therapy treatment plan as the ablation progresses.
Direct MRI guidance during stereotactic cannula delivery
would allow for real-time feedback by visualizing the insertion
and confirming the placement. ClearPoint (MRI Interven-
tions, Inc., USA) [7], an MRI-guided navigation platform,
has been used clinically to provide real-time intraoperative
MRI guidance for neurosurgical procedures. Albeit the precise
targeting accuracy, it requires the frame to be adjusted manu-
ally via a cable driven mechanism, which is time-consuming
and ergonomically inefficient. Further, it is mounted to the
skull and may require repeated attachment procedures should
multiple disparate insertion trajectory be required. NeuroBlate
(Monteris Medical, MN), a robotic probe driver, is able to
place an MR-conditional laser probe, perform laser interstitial
thermal therapy (LITT), and monitor thermal dose using real-
time MRI thermometry data. However, it has to be attached
to a bolt on the skull and can only provide a 2-DOF motion,
i.e. rotation and insertion of the laser probe, which limits its
ability to reach various targets through one single entry point
and to generate complex ablation profiles. Operating inside
of long bore, high-field magnets would clearly benefit from
remote actuation. Robotic assistance is therefore introduced
into MRI-guided procedures. However, the spatial constraints
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of operating inside the bore and strict requirements for compat-
ibility with MRI make it difficult to develop robots for such an
environment and hence most presently available MRI-guided
robots suffer from complex design, bulky size, and kinematic
limitations.

The fundamental principal of pneumatic actuation can be
MR-safe and cause minimal image degradation, and has
been used broadly in MRI-guided robotic systems [8]–[13].
However, its intrinsic nonlinear feature makes it difficult to
control, especially when long transmission lines are used.
In addition, pneumatic actuators usually have bulky profile,
require long air housing, and the shape is distinct from
traditional electric motors, which restricts the flexibility of
the robot design. Likewise, hydraulic actuation potentially
could be MR-safe [14], but it has the potential risk of
fluid leakage and cavitation, as well as the inconvenience
of having to reset a closed hydraulic system for each use if
not permanently installed. Shape memory alloy (SMA) spring
actuators have been used to drive an MRI-guided neurosurgical
robot, showing no significant visual image distortion [15]. But,
theoretical modeling of the behavior of SMA spring actuators
is complicated and not accurate. In addition, the actuation
speed is slow due to the slow cooling nature of SMA materials
in an antagonistic configuration. Nonmagnetic piezoelectric
actuation, in contrast, allows high precision targeting with
excellent dynamic performance, relative simple control, and
a compact profile. NeuroArm (IMRIS, Inc. USA) [16], a
teleoperated robotic system consisting of dual dexterous arms
driven by piezoelectric motors, was developed to perform both
microsurgery and stereotactic procedures with intraoperative
MRI guidance. For the sake of performing general purpose
procedures, the system was designed with relatively bulky
size and thus it needs to be placed outside the scanner bore,
which limits its capability of acquiring simultaneous images
and robot operation. Literature reviews of robotic systems for
neurosurgery include [17], [18].

This study presents an 8-DOF fully actuated robotic as-
sistant that allows in-bore needle-based therapeutic ultra-
sound (NBTU) placement under intraoperative real-time MRI-
guidance, to solve two essential clinical demands, namely
accuracy and efficiency. In our previous research endeavors,
we have developed a prototype 5-DOF MR-conditional robotic
system that acts as an actuated stereotactic frame for align-
ment of deep brain stimulation (DBS) electrode with manual
insertion [19], and the system has demonstrated less than
15% SNR variation and less than 0.20% geometric distortion
artifact. In this study, we targeted a new more demanding
clinical application, redesigned the original 5-DOF mechanism
for the actuated stereotactic frame, and enhanced the design
by supplementing it with a newly designed 3-DOF actuated
NBTU driver module, enabling a fully actuated mechanism
with a compact profile. The fully actuated robot that operates
within the MRI scanner bore makes the system capable of
utilizing real-time guidance during the procedures; thus, allevi-
ating the need for moving the patient out of the scanner and in
turn streamlining the workflow. The 3-DOF motorized NBTU
ablator driver module is designed to adjust the position and
orientation of the ablator and its cannula individually, allowing

enhanced dexterity and greater control of the ablation profile.
First of its kind interstitial high intensity NBTU ablator with
embedded active MRI tracking coils is designed to provide
conformal directional ablation and intra-operative ablator tra-
jectory confirmation. The primary contributions of this study
include: 1) novel design and system integration of an 8-
DOF fully actuated conformal/directional NBTU manipulator
with piezoelectric actuation, enabling brain tumor ablation
inside the closed-bore scanner, as well as simultaneous robot
motion and real-time MR imaging, 2) design of interstitial high
intensity NBTU ablator with sectored transducers, allowing
conformal directional ablation with greater control of ablation
profile, 3) design and integration of novel active tracking coils
with the US ablator, providing intra-operative trajectory confir-
mation, and 4) experimental evaluation of active tracking coils
localization accuracy and assessment of the system targeting
accuracy via free space assessment, MRI phantom studies,
as well as preliminary validation of the clinical workflow
to perform thermal ablation through ex-vivo tissue thermal
treatment studies.

II. INTERSTITIAL HIGH INTENSITY THERAPUTIC
ULTRASOUND ABLATOR

In this work we pursue ultrasonic interstitial thermal therapy
(USITT), which is distinctly different than LITT and external
high-intensity focused ultrasound (HIFU) [20]. Localized heat-
ing of tissue with ultrasound interstitial high-intensity thermal
therapy is caused by mechanical losses from the propagation
of the acoustic waves through the tissue. The longitudinal
pressure waves travel through the tissue and have a mechanical
force on the molecules, producing oscillatory motion at the
applied 5-10MHz. The frictional losses produce heating of the
tissue. The energy propagates through the tissue with a 1/r re-
lationship, where r is the distance from the ablator; it achieves
significant penetration, but the short wavelength also permits
steering and excellent directivity. The nature of coagulation
produced is consistent throughout the lesion, without charring
or vaporization, as is commonly produced using other thermal
techniques. Consistent heating/ablation allows the ablator to
be easily removed from the tissue without causing tissue
damage from retraction. Propagation is dependent on acoustic
properties of the tissue, which vary less across tissues than
electrical conductivity. For comparison, RF ablation (RFA)
power density at the electrode is greatest and decays with a
1/r2 relationship, and it cannot be directionally controlled.
RFA heating is highly dependent upon predominantly thermal
conduction; thus charring of tissue around the electrode probe
is often the result. LITT has very limited penetration in tissue
and is also predominately dependent upon thermal diffusion.

The ACOUSTx NBTU ablator (Acoustic MedSystems Inc.,
Savoy, IL) developed by our collaborator [21], [22] is an
interstitial high intensity therapeutic ultrasound based ablator.
In this study, we designed an MR-conditional variant of the
ablation instrument with MR-conditional materials and an
improved configuration intended to operate within the scanner
bore, as shown in Fig. 1. The ACOUSTx ablator contains
1 to 4 tubular ultrasound transducers (each of 5 to 11mm
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length, and 1.5mm diameter), which are made of piezoelectric
ceramics and mounted on a hollow polyimide tube, ensur-
ing the compatibility with MRI environment. The ablator is
attached to a plastic implant catheter to enable circulation
of degassed water cooling flow to couple the ultrasound,
improve thermal penetration, and cool the transducers. The
transducers are fabricated with sectored shape and individually
powered with an adjustable intensity and heating time interval,
to provide a specific angular acoustic region or directional
conformal ablation at the periphery of a target region, se-
lectively destroying the target tissue while preserving critical
tissue. The biothermal and acoustic models of the ultrasound
ablator was reported in [22], which described how the ablation
zone can be controlled. Use of sectored transducers would
enable conformal directional ablation with greater control of
the ablation zone shape, size, and volume. This would improve
the treatment margin and limit the risk of damaging nearby
normal tissue. For delivery of the flexible ablator, a rigid
cannula is inserted first into the brain tissue to provide a
straight pathway for the ablator and reduce the bending, as
depicted in Section IV-C.

RF Connector 

US Transducers

Catheter

ACOUSTx Ablator

Cooling Flow Out

Cooling Flow In
Inactive Sector

Active Acoustic SectorControlled US Output

US Transducers

Cooling Flow In

Cooling Flow Out

Active Tracking Coils

Active Tracking 
Coils Connection Wire

Polyimide Tubing

Fig. 1: (Top) ACOUSTx needle-based therapeutic ultrasound
(NBTU) ablator in a configuration with two separate trans-
ducer sections along the axis of the instrument. The ablator
is designed to be inserted within a plastic implant catheter to
prevent from bending, as well as return the water flow. (Bot-
tom) Schematic diagram of the US ablator in a configuration
with two 90◦ directional acoustic sectors, labeled as the US
transducers, and two solenoid coils on both ends.

III. ACTIVE TRACKING COILS

Precise localization of the ablator is essential for confirming
the desired ablator trajectory. To localize the ablator during
MR imaging, novel active tracking coils are designed and
embedded along the ablator shaft, which consisted of two
small solenoid coils and one on each end of the transducers,
as illustrated in Fig. 1. Using those two coils, not only ablator
tip location but also ablator orientation can be obtained. Water
circulated through the ablator for transducers cooling enables
MRI-based localization even when the ablator is in free air.

The physical dimensions of the tracking coils are con-
strained by the compactness of the ablator itself. The catheter
has an outer diameter of 2.4mm, which houses the ablator with
outer diameter of 1.4mm. The ablator has an inner tube with
diameter of 0.5mm for water circulation, the tracking coils
are wound on this inner tube using 40AWG copper wire. Both
coils have 5 turn windings and are approximately 0.6mm long,
placed in series connection. Signal from the coils are carried
by the twisted pair leads, transitioning to a 1.4mm diameter
50Ω coax at the connector elbow. Both coils interface to the
scanner through a compact custom tuning box that resides
near the ablator and a custom interface box adapted from
an existing coil interface for 3T scanner (Achieva, Philips,
Netherlands).

To achieve high accuracy localization of tracking coils and
consequently of the ablator, a T1-weighted fast field echo
(T1-FFE) scan sequence with 2D projections is devised (slice
thickness: 320mm, pixel spacing: 0.39mm x 0.39mm, number
of echoes: 2, flip angle: 10◦, TR: 29.82ms, TE: 8.125ms, scan
duration: 30.2s). The water cooling flow is stopped during this
particular scan to eliminate any motion artifacts. The scan
sequence is created such that in each of the R (right), A
(anterior) and S (superior) directions, there are two echoes
recorded with opposite reading directions. The most simple
algorithm is to find peaks and take average of their positions
in both echoes, but to improve the accuracy, an algorithm
which utilizes image intensities around the tracking coil to
better estimate the center of the coils is developed. Fig. 2
shows one of the images and subsequent image processing
steps performed to localize the coils. Information from all 6
slices is combined to give precise position of each of the coils,
which is used to calculate ablator position and orientation.

Fig. 2: Image processing steps for tracking coils localization
(a) original image, (b) mask for first tracking coil, (c) mask
containing both the tracking coils and (d) calculated coil
locations overlaid with red cross marks. Unit: pixel (pixel
spacing: 0.39mm x 0.39mm)
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IV. MECHANICAL SYSTEM DESIGN

A. Design Requirements

The robot manipulator is designed to place the US thermal
ablator via a fixed burr hole on the skull while the patient is
lying inside the high-field closed-bore MRI scanner in supine
position. Since the patient setup is similar to the aforemen-
tioned system for DBS [19], a mechanism with equivalent
kinematic configuration is adopted in this application and
improved with a novel 3-DOF actuated ablator driver module.
Hence, as shown in Fig. 3, the manipulator is able to provide
8-DOF motion to deliver and operate the ablator inside the
brain: 3-DOF Cartesian motion to position the ablator to
target lesion, 2-DOF remote-center-of-motion (RCM) rotary
motion to orient the ablator around target lesion, and 3-DOF
manipulation of the ablator and cannula to place and orient the
directional transducers towards the treatment foci. In clinical
use, the first 5-DOF are actuated to align the probe like a
traditional stereotactic frame and then locked for the remainder
of the procedure, while the 3-DOF end effector are then used
to place the cannula and the probe. The 8-DOF motion enables
fully actuated placement of the ultrasonic ablator, eliminating
the need of moving the patient in and out of the scanner during
the procedures and thus streamlining the clinical workflow. In
addition, the 3-DOF actuated ablator module is able to adjust
the position and orientation of the directional transducers
independently along with actuated setting of the delivery
cannula depth, and therefore enables control of the ablation
profile to match the tumor geometry while minimizing the
damage to the surrounding normal tissue. The joint space
kinematic specifications are summarized in Table I.

#6 Cannula 
Insertion

#7 Ablator 
Insertion 

#8 Ablator 
Rotation 

#1 Axial 
Translation 

#3 Vertical 
Translation 

#2 Lateral
Translation 

#5 Pitch

#4 Yaw

RCM 
Point

R
A

S

259mm

365mm

250mm

Fig. 3: 3D CAD model of the ultrasonic ablator manipulator,
showing the kinematic configuration of degrees of freedom
modeled after those of a traditional stereotactic frame and its
dimensions at home position.

In terms of materials, three main factors are considered:
compatibility with MRI, stiffness, and sterilizability. MRI
scanners generate high magnetic and pulsed radio frequency
field during imaging, which cause significant challenges to
the design of mechanisms with regard to aspects of MRI
compatibility. To be compatible with an MRI environment,
ferromagnetic materials have to be averted completely, and

non-ferrous electrically conductive materials could be used
with caution to limit eddy current generation and resonance.
The linkages are machined with an MR-safe and high-stiffness
Ultem material (Polyetherimide, flexural modulus 1,300,000
pounds per square inch (PSI)). The major body of the robot is
made of 3D-printed ABS plastic (flexural modulus 304,000
PSI). With regard to sterilizability, components that are in
direct contact with the patient and part of the sterile kit are
made of a sterilizable and bio-compatible material MED610
(Stratasys, MN). The rest of the robot is designed to be draped
with sterile plastic cover to create a sterile environment.

With regard to aspects of actuation method, nonmagnetic
piezoelectric actuators have proved to be able to provide high
precision positioning and with no introduced visible imag-
ing noise with our custom-developed MR-conditional robot
controller [19], [23], [24]. In this study, a rotary piezomotor
is used to drive the ablator rotation (Piezo LEGS LR5012C,
PiezoMotor AB, Sweden). Linear piezomotors (Piezo LEGS
LL1011C, PiezoMotor AB, Sweden) and rotary Shinsei mo-
tors (USR60-S4N, Shinsei Corp., Tokyo, Japan) are utilized
to provide linear and rotary actuation, respectively, for the
remaining degrees of freedom.

B. Ablator Positioning and Alignment Module
The mechanism of the 5-DOF ablator positioning and align-

ment module is redesigned based on the previous study [19]
to increase the stiffness and actuation power, and is designed
to support the additional 3-DOF ablator driver module that is
added on top of the manipulator. The translations of the base
stage in the horizontal plane (DOF #1 and #2, as labeled in
Table I) are driven directly by the linear Piezomotor via linear
sliders. The vertical translation is provided by four aluminum
linear guides, which are supported by two solid brackets and
lifted via the lead screw-nut mechanism that is actuated by
the rotary Shinsei motor through a timing belt (DOF #3).
Compared to study [19], Shinsei motor is used in this study
for the rotation axes, since it can provide more torque.

RCM mechanisms are commonly used by surgical robots to
orient surgical tools inside the patient’s body through a fixed
entry point. In this study, the RCM mechanism is adopted
and configured in the structure of a parallelogram linkage to
implement the yaw (DOF #4) and pitch (DOF #5) motions,
which are driven by rotary Shinsei motors via timing belt.
The rotation axes of yaw and pitch intersect with the ablator
insertion axis at a mechanically constrained single point, i.e.
the RCM point, making it kinematically equivalent to the
arc angles of a conventional stereotactic frame. The linkages
of the RCM mechanism are made of high-stiffness Ultem
material and fabricated with high-precision CNC machine
to achieve high-stiffness structure. Compare to the previous
study, the stiffness of the mechanism is also increased through
improving the design of several individual components, such
as combining separated components into a single solid part,
adding support material, and increasing thickness.

C. Ablator Driver Module
A rigid cannula is utilized to guide the ablator into the

brain, preventing the ablator from bending during insertion.
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The cannula is attached to the cannula guide and inserted
robotically by a linear Piezomotor via a linear guide (DOF #6).
The ablator is fixed to the driver through the ablator clamp, and
inserted robotically (DOF #7) by a linear Piezomotor directly,
and rotated (DOF #8) by a rotary Piezomotor through the
gears, as shown in Fig. 4 (a). The insertion (DOF #7) and
rotation (DOF #8) of the ablator enable control of the position
and orientation of the directional transducers to generate a
desired ablation profile.

During the clinical procedures, the ablator driver module
and the rest of the robot will be covered by a sterile drape. The
gears, ablator clamp, and cannula guide, which are in direct
contact with the patient, are made of bio-compatible material
MED610 and are intended to be sterilized by EtO method,
as illustrated in Fig. 4 (b) and (c). A sterile kit, comprising
the ablator, gear, ablator clamp with screws, cannula guide
with screws, and an MR-conditional screw driver, is utilized
to assemble the sterilized components to the ablator driver
once the sterile field has been created.

2
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7 1

3
4
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9

(a) (b) (c)

Fig. 4: 3-DOF ablator driver module. (a) exploded view
showing: 1) driver base 2) ablator insertion stage 3) gears
4) ablator 5) ablator clamp 6) cannula 7) cannula guide 8)
cannula insertion stage 9) thumb screws, (b) components in
the semitransparent block are covered with a sterile drape and
the remaining parts are made of bio-compatible and sterilizable
materials, and (c) assembly of the ablator driver covered with
a sterile plastic drape.

D. Head Frame Adjustment Module

The head fixation is performed by a head frame adjustment
module which is attached to the base platform of the robot.
The head frame adjustment module is designed with a tilt DOF
in the sagittal plane, to facilitate insertion of the ablator from
varying entry points between forehead and occiput, as shown
in Fig. 5. A commercially available MR-conditional Stereotaxy
frame (UCHRA, Integra LifeSciences Corporation, NJ) is
utilized to secure the head via point-set-screws, preventing the
head movement during the procedure. Angulation of the head
frame is implemented by a scissor mechanism driven by a
manually adjusted lead screw-nut mechanism, which transmits
linear motion to angulation.

A removable fiducial frame is repeatably attached to the
platform through locating pins and thumb screws during the
registration phase. The fiducial frame consisted of nine tubes
filled with MRI-visible high-contrast fluid (Beekley, Bristol,
CT), and arranged in a Z pattern in each of the three orthogonal

planes. Based on imaging the fiducial frame, the 6-DOF
position and orientation of the robot can be localized with
respect to the patient coordinates. The robot base is physically
fixed in the platform with known offset from the fiducial
frame. Hence, the registration is only performed once during
the procedure. Once the robot is registered, the fiducial frame
would be removed from the platform to free up the workspace
and reduce potential collision with the ablator manipulator.
Fig. 14 shows the system setup inside the scanner as the
fiducial frame is removed and the ablator manipulator is locked
onto the platform.

Fiducial Frame

Fiducial 

Tube

Knob

Lead screw-nutHead Frame 

Fig. 5: CAD model of the head frame adjustment module
with patient placed in supine position and the fiducial frame
attached to the platform. The robot sits beside the patient’s
head attached to the platform. Note that the fiducial frame is
designed to be attached proximal to the head during the regis-
tration phase of the procedure; in this figure it is intentionally
located at the end of the platform to clearly demonstrate the
head frame.

V. KINEMATICS AND REGISTRATION

The robot kinematics are analyzed based on Denavit-
Hartenberg (D-H) parameters. The D-H frame assignment is
illustrated in Fig. 6, and the D-H parameters are summarized
in Table I. Note that, the lowercase letters represent variables
that can be actuated by the manipulator, and uppercase letters
represent constant values that are determined by the mecha-
nism. The origin of the robot frame, FRob, is defined at the
robot platform with x-y-z axes aligned with the scanner’s RAS
coordinate system. The base frame, FBase, is defined as the
RCM point when the robot is at its home position, with x-y-
z axes aligned with the robot frame, FRob. The tip frame,
FTip, is defined at the tip of ablator, with z-axis pointing
along the ablator’s longitudinal axis, x-axis aligning with the
robot frame, and y-axis determined by the right hand rule. The
forward kinematics of the manipulator can be calculated based
on the homogeneous transformation chain, depicted as:

TBase
Tip = TBase

Rob TRob
Tip

= TBase
Rob T 0

1 T
1
2 T

2
3 T

2
4 T

4
5 T

5
6 T

6
7 T

7
8

=


nx sx ax px
ny sy ay py
nz sz az pz
0 0 0 1


(1)
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P =

pxpy
pz

 =

 d2 + d6cosθ5 + d7cosθ5
d3 + d6sinθ4sinθ5 + d7sinθ4sinθ5
d1 + d6cosθ4sinθ5 + d7cosθ4sinθ5

 (2)

A =

axay
az

 =

 cosθ5
sinθ4sinθ5
cosθ4sinθ5

 (3)

Where TBase
Tip is the ablator tip frame with respect to the base

frame, TRob
Tip is the tip frame represented within the robot

frame, TBase
Rob is constant offset from the robot frame to the

base frame, P is the ablator tip position (origin of the tip frame
FTip), and A is the vector along the ablator longitudinal axis
(z-axis of FTip).
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Fig. 6: D-H frame assignment of the 8-DOF ablator manipu-
lator. The origin of robot frame FRob is defined at the robot
platform with x-y-z axes aligned with scanner’s RAS frame.
The base frame FBase is defined as the RCM point at home
position. The tip frame FTip is defined at the tip of the ablator,
with z-axis pointing along the ablator’s longitudinal axis.

TABLE I: D-H Parameters of Robot Manipulator

Axis Motion �� �� �� �� Range

1 Axial 0 90 d1 90 0~50mm

2 Lateral 0 90 d2 90 0~40mm

3 Vertical 0 90 d3 0 0~50mm

4 Yaw 0 90 D4 �� 0~90°

5 Pitch 0 90 0 �� -45~45°

6 Cannula Insertion 0 0 d6 0 0~40mm

7 Ablator Insertion 0 0 d7 0 0~30mm

8 Ablator Rotation 0 0 0 �� -180~180°

Kinematically the RCM point can lie along the axis of the
ablator resulting in an infinite number of inverse kinematics

solutions. In this study, to simplify the kinematics, the ablator
tip is defined at the RCM point. The ablator tip location
is determined by finding the center of the lesion and then
applying the known tip offset from the center of the active
US transducer along the ablator axis and the cannula is
inserted 30mm proximal to the ablator tip. Therefore, d6
and d7 are constant values for a given ablator design, i.e.
d6 = D6, d7 = D7 (D6, D7 are constants determined by
the length of the ablator and cannula). However, for different
applications the relation between cannula and ablator can be
variable, and additional flexibility in path planning may be
afforded by using a variable d6, d7, which beyonds the scope
of this study. Ablators and cannulas with varying lengths may
be adopted for different target foci. The rotation of the ablator
θ8 is an independent control input determined by the tumor
geometry, which could be defined by optimizing the thermal
treatment shape and not discussed in the kinematics of this
study. To solve the inverse kinematics, the ablator tip position
P and vector A are identified with respect to the MR image
volume as part of the surgical planning process. By defining
d6 = D6, d7 = D7, the inverse kinematics can be written as:

d1 = pz −D6cosθ4sinθ5 −D7cosθ4sinθ5

d2 = px−D6cosθ5 −D7cosθ5

d3 = py −D6sinθ4sinθ5 −D7sinθ4sinθ5

θ4 = atan2(ay, az)

θ5 = acos(ax)

d6 = D6

d7 = D7

(4)

As described in Section IV-D, fiducial frame based regis-
tration is utilized to register the robot to the scanner RAS
coordinate system. Images of the fiducial frame are acquired
to calculate the robot registration transform using line marker
registration [25]. The calculated registration transform is sent
over a network connection via OpenIGTLink [26] to the robot
control software, to solve the 6-D ablator tip pose in patient
coordinates through the transformation chain, written as:

TRAS
Tip = TRAS

Z TZ
BaseT

Base
Tip (5)

Where TRAS
Tip is the ablator tip pose represented within the

RAS coordinate system, TRAS
Z is the fiducial frame pose

with respect to the RAS coordinate system determined by the
registration, TZ

Base is the constant offset from the robot base
to the fiducial frame, and TBase

Tip is the ablator tip position
with respect to the robot base, as determined by the robot
kinematics.

The workspace of the manipulator is designed to cover the
typical foci of brain tumors, i.e. frontal lobe, parietal lobe,
occipital lobe, and temporal lobe. According to the anthropom-
etry [27], [28], the dimensions of 95% male bitragion breadth,
head length, and stomion to top of head are 15.5cm, 20.9cm,
and 19.9cm, respectively. The range of motion for each axis is
summarized in Table I, and the workspace is analyzed based on
the robot kinematics. For custom NBTU ablators with 100mm
length variation, the robot could reach a volume of 181.4mm
along R-axis, 150mm along A-axis, and 150mm along the S-
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axis, which is sufficient to cover typical foci of brain tumors,
as illustrated in Fig. 7.

RA

S 150mm

181.4mm 150mm

R

S

A

S

A

R

Fig. 7: Reachable workspace of the robot overlaid on a
representative human brain.

VI. EXPERIMENT AND RESULTS

Four sets of experiments were performed to evaluate the
system positioning accuracy, active tracking coils localization
accuracy, and to validate the clinical procedure workflow: 1)
System positioning accuracy was first assessed in free space
with an OptiTrack motion capture system, and 2) further
assessed in task space with MRI phantom studies. 3) Active
tracking coils localization accuracy was evaluated in free space
with MR images. 4) Finally, a preliminary study of thermal
ablation under MRI-guidance was conducted - this included
both ex-vivo chicken breast tissue and a lamb brain to evaluate
the clinical workflow. Three metrics were employed to analyze
the system positioning errors, i.e. tip position error, insertion
angle error, and RCM intersection error. Tip position error
is determined as the distance from the desired target to the
actual ablator tip position. Insertion angle error is a measure
of an angular error between the planned needle insertion angle
and the actual needle insertion angle. RCM intersection error
is measured as the distance between the RCM intersection
point and needle insertion axes, indicating the mechanism’s
performance as a RCM device.

A. Clinical Procedure Workflow

The proposed image-guided robot-assisted clinical workflow
is based on a conventional stereotactic neurosurgery approach
using a Leksell-type manual frame in order to minimize
clinical complications and streamline the design procedures.
As shown in Fig. 8, the workflow is composed of following
major steps:

1) Make incision and burr hole based on modifications of
Kocher’s point according to the target site.

2) Initialize the hardware and software of the robotic sys-
tem.

3) Fiducial frame registration: register the robot to the MRI
scanner coordinate system with a fiducial frame.

4) Patient positioning: place the patient in the scanner with
supine position and fix the head.

5) Localize skull entry points.

6) Surgical site preparation: create sterile environment for
the scanner, surgical site on the patient, and the robot
manipulator.

7) Cannula alignment: align the delivery cannula and insert
through the entry point.

8) US ablator placement: insert the ablator through the
cannula to the desired target.

9) Trajectory confirmation: confirm the ablator trajectory
with active tracking coils that align with the ablator axis.

10) Ablation treatment: perform thermal ablation via treat-
ment planning software, TheraVision, under real-time
MR thermal imaging monitoring.

11) Finalization: retract the ablator and cannula, close the
incision, and remove the patient.

Make incision and burr hole 
& initialize robot

Register fiducial frame 

Position patient

Localize skull entry point

Next 
Target?

Yes

No

Confirm trajectory and 
alignment 

Administer treatment 
& thermal monitoring

Retract instruments, close 
incision, and remove patient 

Align outer cannula & insert US ablator 

Prepare surgical site 

Fig. 8: Clinical workflow of MRI-guided robot-assisted ther-
mal ablation of brain tumors.

B. Free Space Positioning Accuracy Evaluation

The free space positioning accuracy was conducted with a
6-camera OptiTrack motion capture system (Flex 13, Natu-
ralPoint, OR, USA). The resolution of the camera is 1.3MP
(1280x1024) and it can typically track with our configura-
tion at 0.2mm. A 6-D reference marker frame was firmly
mounted on the robot platform, and a 6-D tracking frame
was attached to the needle driver, as shown in Fig. 9. The
robot was translated to six target locations, and orientated
to five different angulations at each target location, resulting
in 30 poses in total that covers the major workspace of the
robot. The 6-D actual pose was measured by the OptiTrack
system, and registered to the desired targets with point cloud
based registration to eliminate registration-related errors in
this stage of the validation process. The experimental results
demonstrate that the root mean square (RMS) error of the tip
position is 1.11±0.43mm, insertion angle error is 1.19±0.52◦,
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and the RCM intersection error is 0.27±0.06mm. The RMS
errors of the position and orientation in each axis are x-
axis (0.35mm), y-axis (0.62mm), z-axis (0.85mm), Yaw-axis
(0.46◦), and Pitch-axis (1.10◦). The results indicate that the
errors in different axes are within the same magnitude with
small variations. The errors in Pitch-axis are higher than
other axes, which is mainly due to the alignment errors of
the linkages. Clearances between the shafts and holes on the
linkages were observed, due to the manufacturing tolerance,
which causes misalignment errors and angular variation as the
linkages extend or retract about the Pitch-axis.

x
y

z

x
y

FTip

z
FRef

OptiTrack

System

Reference 

Frame

Tracking Frame Robot

Fig. 9: Experimental setup of free space accuracy evaluation
with OptiTrack motion capture system. Note that, six identical
cameras are used in this study to capture the 6-D needle pose,
and only two of them are visible in this figure.

C. System Accuracy Evaluation with MRI Phantom Studies

The system level accuracy was assessed with phantom stud-
ies inside a 3T MRI scanner (Achieva, Philips, Netherlands),
with equivalent setup as shown in Fig. 14. To isolate needle
deflection related errors from robotic system accuracy, a stiff
13-gauge brass needle with rounded flat tip was inserted into
a gelatin phantom (Knox, Kraft Foods, IL) and imaged with
a T2-weighted turbo spin echo (T2W-TSE) imaging protocol
(TE: 115ms, TR: 3030ms, flip angle: 90◦, slice thickness:
3mm, pixel spacing: 0.46mm x 0.46mm) to measure the actual
needle trajectories. Three RCM tip locations were virtual (i.e.
pixel coordinates in the image) and randomly selected in
the MR images across the workspace and targeted from five
different orientations at each location, resulting in 15 needle
insertions in total. The actual trajectory of each needle inser-
tion was manually segmented and measured from MR images
and compared to the desired targets to analyze the system
accuracy. The experiment results demonstrate that the RMS
error of the tip position is 1.45±0.66mm, orientation error is
1.53±0.69◦, and the RCM intersection error is 0.75±0.33mm.
Fig. 10 illustrates the accuracy results of one representative
target location with five different orientations.

Fig. 10: A representative plot of five insertion pathways inter-
secting at a given target location based on the segmentation of
MR image data. For the total 15 trials, the RMS error of the
tip position is 1.45mm, orientation error is 1.53◦, and RCM
intersection error is 0.75mm.

D. Active Tracking Coils Localization Accuracy Evaluation

Accuracy evaluation of the active tracking coils localization
was performed with a 3D printed template, allowing the
ablator to be inserted at various angles. The template is
designed such that all the insertions intersected at a common
point, mimicking the RCM mechanism as described in Sec.
IV-B. As shown in Fig. 11, the ablator was inserted into
the guiding hole and a coil tuning box was connected to
the ablator to acquire signals from the active tracking coils.
The fiducial frame described in Sec. IV-D was utilized for
initial localization of the template in MR image space. To
evaluate the accuracy of the ablator localization algorithm,
all insertions were performed in air minimizing any possible
deflection due to probe bending. Tracking coil sequence afore-
mentioned in Sec. III was utilized to acquire two echoes in
three projection images, giving locations of the tracking coils
in RAS coordinates. Image processing algorithm described in
Sec. III was used to localize the tracking coils and calculate
ablator position and orientation. Fig. 12 shows plot of tip
errors in RAS coordinates with RMS error less than 1.1mm
and orientation errors around R-axis and S-axis with RMS
error less than 2.3◦. The plot indicates that the localization
accuracy of tracking coils is affected by the angle between the
B0 magnetic field and probe axis orientation. With the angle
about the R-axis around 60◦ (the primary intended operating
region), it has minimal errors. In addition, error is attributable
to manufacturing tolerance (template manufacturing tolerance,
guide hole clearance, tracking coils assembly errors, etc.),
undesired ablator probe bending, and imaging resolution.

R

US Ablator

A

STracking Coil 
Tuning Box Template

Fiducial 
Frame

Fig. 11: Experiment setup of active tracking coils localization
showing 3D printed template, ablator inserted through one of
the guiding holes, and the tracking coil tuning box.

Authorized licensed use limited to: Middlesex University. Downloaded on August 04,2020 at 22:19:23 UTC from IEEE Xplore.  Restrictions apply. 



1083-4435 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2020.3012903, IEEE/ASME
Transactions on Mechatronics

TRANSACTIONS ON MECHATRONICS, 2020 9

Fig. 12: Ablator localization results showing position errors
in R, A and S axes and orientation errors around R-axis and
S-axis. The RMS errors of tip position less than 1.1mm and
orientation less than 2.3◦.

E. Preliminary Study of Thermal Ablation Within Ex-vivo
Tissue

The feasibility of the system to perform thermal ablation
treatment was validated through a preliminary ex-vivo tissue
study. A fresh chicken breast tissue was firstly employed as a
specimen, since the ablation treated foci could create visible
changes from the normal tissue, which can be used to identify
and inspect the ablation treatment. The chicken breast was
molded into a gelatin phantom to reduce tissue movement
during the insertions. An US ablator with a 90◦ active sector
was utilized to perform the ablation treatment. Two target
locations were virtual (i.e. pixel coordinates in the image) and
randomly selected inside the ex-vivo tissue and treated with
US thermal ablation. The position and orientation errors for the
two insertions are 3.5mm, 3.9◦ and 4.3mm, 4.3◦ respectively.
The errors are calculated as the differences between the desired
targets and actual needle tip positions, which are acquired from
the MR images and measured in patient coordinates. Fig. 13
shows the treated tissue with thermal ablation. The ablation
profile is uniform within the active angular sector and length
of the transducer. Longitudinal energy pattern conforms well
to length of active transducer and width of the angular sector.

For workflow evaluation in a scenario mimicking soft brain
tissue of a patient, a lamb head was fixed on the head frame
and set to an appropriate orientation via the head frame
adjustment module. An US ablator with a 180◦ active sector
was utilized to perform the ablation treatment. One target in
the lamb brain was placed by the robot. The experiment setup
is shown in Fig. 14, and the ablator track in the lamb brain
is visualized on MR images as illustrated in Fig. 15. There
was no visible imaging quality degradation observed during
the experiment. The position and orientation errors for the
insertion are 0.5mm and 2.0◦ respectively. The experiment
indicates that the placement errors in the chicken breast muscle
are higher than that in the lamb brain. The main cause is that
the stiffness of the chicken breast is higher than lamb brain,
which leads to deflection of the ablator and thus placement
errors that we do not anticipate to be significant in the soft
brain tissue of patients.

Ablation Foci 

Chicken Breast

Fig. 13: Ex-vivo chicken breast tissue with two thermal
ablation foci about 30mm apart. The chicken breast tissue is
modeled into a gelatin phantom to reduce movement during
the insertions. The tissue is cut open right after the experiment
to inspect the ablation treated foci, which has visible changes
from the normal tissue, i.e changing to solid white color in
the direction of the active ultrasound sector.

Ablator 

Manipulator 

US Ablator
Lamb Head

Head Frame 

Adjustment Module

Fig. 14: Experimental setup for ultrasound-based thermal
ablation on an ex-vivo lamb brain. The lamb head is fixed
at the head frame adjustment module via screws to prevent
head movement during the procedures. The NBTU ablator is
placed by the robot manipulator locked in place on the side.

VII. DISCUSSION AND CONCLUSION

This study reports the development of an 8-DOF fully
actuated robot assistant for ultrasonic thermal ablation of brain
tumors under intraoperative MRI-guidance that addresses two
unmet essential clinical demands: accuracy and efficiency.
The experimental results of system targeting accuracy in
MRI phantom studies demonstrate RMS tip position error is
1.45±0.66mm, orientation error is 1.53±0.69◦, and RCM in-
tersection error is 0.75±0.33mm. Error of the preliminary ex-
vivo tissue study are less than 4.3mm and 4.3◦. The results of
the accuracy studies are summarized in Table. II. The targeting
accuracy of MRI phantom studies is comparable to the relevant
study on robot assisted needle access of brain (1.55mm) [13].
In addition, considering the diameter of the primary tumors
are around 4cm [29], the targeting accuracy less than 5mm
coupled with the directional conformal ablation ability of our
system should be sufficient for the application. Error sources
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Ablator

Track

RA

S

Lamb Brain

Fig. 15: 3D MR image volume showing the US ablator inserted
inside an ex-vivo lamb brain. The red line represents the actual
US ablator segmented from MR volume images.

include robot mechanism errors (i.e. manufacturing tolerance,
assembly misalignment, deformation of 3D printed plastic
material, backlash of the timing belt etc.), imaging-related
errors (i.e. imaging resolution, registration errors, etc.), and
deflection of the ablator. The error contributions of the robot
mechanism and imaging-related factors could be identified
through the free space evaluation and MRI phantom studies,
respectively. The major reason of having larger error in ex-
vivo tissue than free space and phantom is because the ablator
is flexible and is deflected while being inserted into the ex-
vivo tissue, especially for the chicken breast tissue which
has a much higher stiffness than brain tissue. This prototype
design is made in part of 3D printed plastic materials for
rapidly validating feasibility and initial accuracy analysis.
Plastic deformation and manufacturing-related errors lead to
inaccurate alignment of joint axes, deformation of the pivot
location, and variation of RCM center point. These are being
addressed in preparation for the next clinical iteration of the
robot, including replacing the 3D printed plastic materials with
precision machined Ultem to improve stiffness and accuracy.
Active tracking coils localization is studied in free space for
ablator trajectory confirmation. In this study, the probe was
placed within 0 - 90◦ quadrant for both the R and A axis
rotations. The error characteristics of tracking coils might
depend on the quadrant in which the probe is placed. Further
study would be performed in the future work to evaluate
the localization accuracy which would include other position
orientations.

TABLE II: Summary of Accuracy Studies Results

Experiment
Tip Positon Error (mm) Orientation Error (deg)

RMS ± SD Max Min RMS ± SD Max Min
Free Space 1.11 ± 0.43 1.96 0.31 1.19 ± 0.52 3.31 0.20

MRI Phantom 1.45 ± 0.66 3.01 0.19 1.53 ± 0.69 2.73 0.50
Chicken Breast 3.9 ± 0.4 4.3 3.5 4.1± 0.2 4.3 3.9

Lamb Brain 0.5 2.0

With regard to the efficiency, fully actuated mechanism
design eliminates time-consuming iterative manual adjustment

and alleviates the need for repeatedly moving the patient in and
out of the scanner during the procedure. In terms of safety, the
sectored transducers are able to provide directional conformal
ablation at the periphery of a target region, selectively destroy-
ing the target tissue while preserving critical tissue. The 3-
DOF ablator driver enables conformal directional ablation with
greater control of the ablation zone shape, size, and volume,
and would improve the treatment margin and limit the risk
of damaging nearby healthy tissue. Further study would be
conducted to optimize the monitoring and control of ablation
profile and thermal dose, as well as further address safety to
enable a safe robot-assisted NBTU placement procedure.

The system is evaluated in free space, MRI with a phantom,
and preliminary ex-vivo studies; a comprehensive evaluation
with animal and cadaver studies to validate the targeting ac-
curacy, clinical workflow, and procedure time is forthcoming.
The imaging quality degradation is validated qualitatively;
a thorough quantitative MRI compatibility evaluation, such
as the SNR analysis, will be performed prior to clinical
studies. For the preliminary study of thermal ablation, we only
evaluated the placement accuracy of the ultrasound ablator
and did not consider the ablation accuracy. One potential
solution in our ongoing research is using MRTI to monitor the
actual thermal dosage in real-time and to compare it with the
desired ablation zone shape. Moving forward, integration with
continuous intraoperative MRI (ioMRI) guidance developed in
our previous research efforts [30] would enable intraoperative
visualization of brain anatomy and compensation for ablator
placement errors and brain shift.
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